Graphical Abstract Highlights d Surface ectoderm cells adhere at the fusion site via integrin b1 focal clustering d Integrins mediate junction shortening and formation of a semi-rosette structure d This configuration enables juxtaposition across the midline for fusion propagation d Tissue-specific ablation of integrin b1 prevents zippering, causing spina bifida
In Brief Molè et al. show that integrin-mediated basal anchorage drives epithelial zippering during mouse spinal neural tube closure. This occurs via formation of a multicellular semi-rosette configuration that promotes juxtaposition between opposing surface ectoderm junctions. The loss of integrin halts zippering progression, causing failure of neural tube closure and open spina bifida.
INTRODUCTION
Epithelial fusion is a process of tissue morphogenesis through which pairs of epithelial sheets become apposed and eventually united at their edges to form a continuous layer. The development of numerous organs including the neural tube (NT) (Pai et al., 2012) , optic fissure (Gestri et al., 2018; Patel and Sowden, 2019) , palatal shelves (Greene and Pisano, 2010) , tracheoesophageal foregut (Kluth and Fiegel, 2003) , and presumptive genitalia (Wang and Baskin, 2008) is achieved by progression of fusion, which establishes novel tissue connectivity between apposing epithelial sheets, thereby sealing an opening. Defects in epithelial fusion typically result in the development of clinically important congenital malformations such as NT defects (NTDs), coloboma, cleft palate, tracheoesophageal fistula, and hypospadias, where the failure of fusion leaves the developing organ unsealed.
The process of epithelial fusion can be first observed during morphogenesis of the vertebrate NT, where fine coordination between elevation and fusion progression transforms the flat neural plate into a closed tube. This establishes epithelial continuity of the surface ectoderm (SE) and neuroepithelium (NE) between apposing neural folds along the entire rostro-caudal axis of the developing embryo. Primary neurulation is completed once the caudal-most region of the open NT, known as the posterior neuropore (PNP), becomes sealed. Failure to complete this last phase of spinal closure results in open spina bifida , a defect that arises during the first month of human embryonic development.
A particularly striking feature of epithelial fusion is the process of ''zippering,'' in which a pair of epithelial layers becomes progressively united in one direction over a period of development. The movement of the fusion point along the organ rudiment, which is likened to the travel of a zip fastener, implies mechanical features that go beyond simply bringing together the edges of two opposing epithelia. Major insights into the cellular and molecular dynamics underlying the process of epithelial fusion originate from studies of dorsal closure in Drosophila and mammalian embryonic wound healing (Jacinto et al., 2001; Hayes and Solon, 2017) . Two evolutionarily conserved mechanisms have been proposed (Begnaud et al., 2016) . In the purse-string model, cells at the epithelial leading edge assemble a supra-cellular actomyosin cable that comes to surround the closing gap. Cable contraction results in centripetal movements of the epithelial edges, eventually sealing the gap. In the alternative cell crawling model, collective cell migration achieves gap closure as a result of lamellipodial and filopodial protrusions that emanate from the leading edges of the advancing epithelium.
In mouse NT closure, we also observed the presence of an actomyosin-containing cable that runs along the edges of the neural folds . It transmits force and biomechanically couples the region of the open neural folds. However, it does not encircle the PNP until the latest stages of neurulation and is therefore unlikely to play a typical ''purse-string'' role in most of the closure. We also identified cellular protrusions, both lamellipodial and filopodial, emanating from SE cells at the zippering point of the closing PNP (Rolo et al., 2016) . However, in contrast to cell crawling during dorsal closure in Drosophila or wound healing-where protrusions from the leading edge of the advancing epithelium crawl over an underlying tissue-protrusions during neural fold closure arise from the point of zippering and lack a substratum for crawling, as they extend into a fluid-filled gap. Hence, neither of these mechanisms appears to adequately explain the zippering process observed in mammalian neurulation.
Here, we report integrin-mediated anchorage as the cellular and molecular mechanism for fusion and zippering of the mouse NT. We show that adhesion between cells from apposing epithelia is initiated via local activation of integrin b1 and focal anchorage to a shared point of fibronectin-rich basement membrane (BM) at the zippering point, preceding the establishment of the novel cell-cell junctions. In contrast to collective migration over a substratum, focal anchorage at the site of fusion promotes local shortening of SE junctions and formation of a semi-rosette-like cellular configuration that initiates contacts between opposing cells. Loss of integrin-mediated anchorage at the fusion site prevents zippering progression, leading to the failure of NT closure and open spina bifida. Alongside the classical purse-string and cell crawling models, integrin-mediated anchorage may represent a conserved molecular mechanism employed by cells for zippering propagation and fusion of epithelial gaps in vivo.
RESULTS
A Fibronectin-Rich BM Forms at the Site of Neural Fold Fusion During neurulation, the neural folds become elevated and apposed at the dorsal midline to initiate NT fusion. Concomitantly, the dorsal part of the NE exchanges its basal contact from the paraxial mesoderm (Mes) to the overlying SE ( Figure 1A ) (McShane et al., 2015) . This event is accompanied by assembly of a novel BM at the interface between the SE and the dorsal NE ( Figure 1A ; elevated, magenta) (Martins-Green, 1988) . We found this newly deposited BM has a distinct composition, whereas all the major structural components (Figures S1A-S1D) including collagen IV (Col4), laminins (Lam), and fibronectin (Fn1) are present around the NE ( Figures 1B-1D ), the novel BM forming at the very dorsal interface appears highly enriched in fibronectin fibrils ( Figure 1B ) while devoid of any Col4 ( Figure 1C ) or Lam ( Figure 1D ).
The strong representation of fibronectin was supported by RNA sequencing (RNA-seq) analysis, which identified Fn1 as the most highly expressed extracellular matrix (ECM) gene at this stage of development ( Figure 1E ; Table S1 ). Even though Fn1 is primarily transcribed within the paraxial Mes flanking the open NT (Figures S1E and S1F), it nevertheless contributes to the formation of a dense network of thick fibrils localizing precisely at the dorsal interface between the NT and the overlying SE ( Figure 1B) .
The unusual composition of this newly deposited BM led us to question whether localized cell-fibronectin adhesions could occur particularly at the site of neural fold fusion and whether these interactions might play a functional role during zippering of the NT.
Integrin a5b1 Is Focally Upregulated at the Site of Neural Fold Zippering The ability of cells to interact with the BM is largely mediated by integrins: transmembrane receptors that act as primary linkage between the external ECM environment and the internal cytoskeleton (Barczyk et al., 2010; Campbell and Humphries, 2011; Lowell and Mayadas, 2012; Sun et al., 2019; Takada et al., 2007) . Functional receptor complexes comprise one a and one b subunit, with 24 possible a/b combinations described in vertebrates to date.
To identify which specific integrin receptor complexes are present at the stage of NT closure, we analyzed by RNA-seq the major integrin transcripts expressed in the caudal region of mouse embryos at the 20 somite stage ( Figure 2A ; Table S2 ). Itgb1 (integrin b1) was the most highly expressed subunit, followed by Itgb5, Itga5, Itga3, Itga6, Itga9, and Itgav. This suggests that six major functional combinations are present: the complexes a5b1, avb1, and avb5, which mediate binding to RGD-containing substrates particularly fibronectin ( Figure 2B , green); the receptors a6b1 and a3b1, which mediate binding to Lam isoforms ( Figure 2B , red); and the receptor a9b1, which interacts primarily with vitronectin and tenascin-C. No Col4-interacting integrins were detected at this stage of development ( Figure 2B , magenta).
In situ hybridization analysis (Figures 2C and S2A-S2G) revealed that the Itgb1 and Itga5 subunits were expressed significantly at the site of dorsal zippering, where the tips of the neural folds come into contact (Figure 2C, . Importantly, integrin b1 and a5 proteins also exhibit focal clustering precisely at the site of dorsal fusion ( Figure 2D ). This supports a potential model where cells at this site could interact primarily with the fibronectin-rich BM through focal expression of the a5b1 integrin receptor, although potential additional interactions with other ECM ligands (Table S1 ) cannot be excluded (Barczyk et al., 2010; Lowell and Mayadas, 2012) . A remaining question was whether such interactions involving the a5b1 receptor are mediated by the dorsal-most cells of the NE (Figure 2E , top), which might enable anchorage of the tips of the neural folds to the overlying BM, or by the dorsal-most SE cells ( Figure 2E , bottom), which initiate the primary contacts between apposing neural folds at the site of fusion (Rolo et al., 2016) .
Integrin b1 Adhesion at the Fusion Site Is Mediated by SE Cells and Is Necessary for NT Zippering
To investigate the tissue of origin and functional role of integrinmediated adhesion at this site, we genetically targeted the integrin b1 subunit. Loss of this central receptor abolishes the ability of cells to interact with the dorsal fibronectin-rich BM, as b1 is the obligatory subunit for the formation of the a5b1 dimer. To overcome the early embryonic lethality of the integrin b1 knockout (F€ assler and Meyer, 1995; Stephens et al., 1995) , we used two different conditional approaches to confine recombination of the floxed allele of Itgb1 (Potocnik et al., 2000) both temporally and spatially.
First, a Cre recombinase driven by the Grhl3 promoter (Camerer et al., 2010) was used to target cells of the SE (Figures 3A, S3A, and S3B). We confirmed efficient recombination of the Itgb1 gene in the SE epithelium overlying the dorsal NT (Figures S3A and S3B) by activation of a promoterless LacZ transgene inserted at the end of the Itgb1 floxed locus ( Figure 3B ). Sporadic and scattered recombination was also observed in a few cells of the dorsal NE, as previously reported (Galea et al., 2018; Rolo et al., 2016) . Nevertheless, immunofluorescence staining confirmed removal of the integrin b1 protein in the dorsal SE cells ( Figure 3C ), while cells of the dorsal NE were unaffected. Importantly, conditional deletion by Grhl3-Cre completely abolished focal expression of integrin b1 at the site of zippering ( Figure 3D ), supporting the hypothesis that expression of the receptor at this site is primarily mediated by cells of the SE. At E10.5, integrin b1-deficient embryos (Grhl3 Cre/+ ; Itgb1 f/f ) ( Figures S3C-S3E ) displayed an open PNP, suggesting delayed closure, in contrast to the closed NT seen in stage-matched wildtype (WT) controls ( Figure 3E ). Temporal analysis of PNP length ( Figure 3F ) and width ( Figure 3G ) against developmental stage revealed a steady decrease of PNP size in WT and heterozygous embryos. In contrast, regression analysis of mutant embryos showed the rate of PNP closure to diverge significantly from controls, with cessation of PNP closure from the 20 somite stage onward.
The delay in PNP closure resulted in the development of spinal NTDs in 78% of SE-targeted integrin b1-deficient fetuses, as assessed at E14.5 ( Figures 3H and 3I ). The majority of mutants developed an open spina bifida phenotype associated with tail flexion defects (56%), while a minority displayed a tail flexion Integrin b1 Upregulation at the Fusion Site Does Not Originate from Cells of the Dorsal NE To determine whether integrin b1 expression by dorsal NE cells is also required for NT closure, we used a second conditional approach based on Pax3-Cre (Engleka et al., 2005) to specifically target cells of the dorsal NE ( Figure 4A ). X-gal staining confirmed successful recombination of the Itgb1 floxed allele in the dorsal NE ( Figure 4B ). Moreover, immunofluorescence revealed that integrin b1 expression on the basal NE surface was lost dorsally when targeted by Pax3-Cre ( Figure 4C , between arrowheads). In contrast, integrin b1 expression in the overlying SE layer was unaffected ( Figure 4C , arrows), confirming deletion in the dorsal NE region only. Importantly, in contrast to Grhl3-Cre-mediated deletion in the SE ( Figure 3D , zoom), Pax3-Cremediated recombination in the dorsal NE failed to suppress integrin b1 focal expression ( Figure 4D Taken together, these results suggest that the focal expression of integrin b1 at the site of fusion originates from cells of the SE rather than the NE and that integrin-mediated adhesion of SE Integrin b1 is the most highly expressed subunit and forms integrins a5b1 and avb1, which bind fibronectin (green), and integrins a3b1 and a6b1, which bind laminin (red). Subunit b5 pairs exclusively with av to mediate binding to vitronectin, which is not expressed at this stage. The receptor a9b1 interacts with vitronectin and tenascin-C but neither are expressed. No collagen IV-interacting subunits are expressed. (C) In situ hybridization analysis of integrin subunit gene expression. Itgb1 and Itga5 show an intense signal at the site of zippering where the neural fold tips come into contact (insets). Itgav and Itga6 both show a ventro-dorsal gradient of expression in the NE, with Itga6 expression also in the SE. Itga3 is expressed in the SE only. Stages: b1 (19 som), av (19 som), a5 (20 som), a3 (16 som), and a6 (19 som). cells at this site is essential for zippering closure of the spinal NT, with highly penetrant spina bifida resulting from its absence.
Integrin b1 Is Not Required for Actomyosin Assembly, Protrusive Activity, Cell Proliferation, or Survival of SE Cells at the Fusion Site To assess the functional role of SE-expressed integrin b1 during NT fusion, we investigated cellular events that are known to depend on integrin signaling (Barczyk et al., 2010; Campbell and Humphries, 2011; Schwartz, 2010) .
Integrins have long been implicated in the regulation of actin cytoskeletal organization (Geiger et al., 2009; Hynes, 2002) . Previously, we described the presence of a supra-cellular actin cable that runs along the neural fold tips, originating at the site of fusion . Strikingly, the cable appeared intact and normal in embryos lacking integrin b1 and both the assembly of F-actin fibers and the distribution of phosphorylated non-muscle myosin at the site of integrin focal expression appeared unchanged in mutants compared with WT controls ( Figure 5A ; arrow, zoom).
The site of NT fusion is also characterized by numerous protrusions from SE cells, which are essential for spinal NT zippering as their suppression leads to open spina bifida (Rolo et al., 2016) . We found that deletion of integrin b1 in the SE did not disrupt protrusive activity nor did it alter the types of protrusions at the fusion site: a similar pattern of filopodia and ruffles (3-dimensional (3D) lamellipodia) was observed in both WT and mutant embryos ( Figures 5B and 5C ).
Integrin-mediated anchorage regulates several other critical cellular events including proliferation and survival (Harburger and Calderwood, 2009 ). However, neither the distribution nor frequency of SE cell divisions was affected by the loss of integrin b1 ( Figures 5D and 5E ). Programmed cell death is also known to be spatio-temporally associated with mammalian neurulation (Massa et al., 2009; Yamaguchi et al., 2011) . However, TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) staining revealed only a minor increase in the number of apoptotic cells along the dorsal midline, in the region of closed NT, while a similar distribution was observed in WT and mutants at the site of fusion (Figures 5F and 5G) .
This led us to conclude that integrin b1-mediated cell-matrix adhesion at the site of neural fold fusion is neither essential for actomyosin assembly and contractility nor for cell protrusive activity, proliferation, or turnover. This argues against these cellular events as potential factors leading to the failure of NT zippering in integrin-deficient embryos.
Loss of Integrin b1 Perturbs the Biomechanics and Cell Shape Properties of the Dorsal SE
In order to assess the potential effect of integrin b1 deletion on the biomechanical features of NT closure, we performed laser ablation at the site of zippering and quantified the resulting recoil due to immediate lateral displacement of the neural folds (Figures 6A and 6B) . We showed previously that ablation-induced recoil is a measure of NE biomechanics, as indicated by the enhanced recoil in pre-spina bifida Zic2 mutant embryos where Zic2 expression is restricted to the NE (Ybot-Gonzalez et al., 2007) . When the zippering point of integrin b1 mutant embryos was laser ablated, we detected an almost identical degree of recoil in mutant and WT embryos, both along the entire length of the open PNP ( Figure 6C ) and at the site of fusion ( Figure S5A ). This finding argues against a potential non-cellautonomous effect on the biomechanics of the NE, for elevation and apposition of the neural folds.
To test whether integrin b1 deficiency has a direct effect on the biomechanics of the SE epithelium, we performed a stab wound assay on the dorsal SE (Nikolopoulou et al., 2019) ( Figure 6D ). Mutant embryos with an SE-targeted loss of integrin b1 showed a significantly greater enlargement of the wound area than WT controls ( Figure 6E ), suggesting that the loss of integrin b1-mediated adhesion leads to enhanced mechanical tension within the SE epithelium.
Consistent with an increase in mechanical tension, morphometric analysis ( Figure 6F ) revealed a significant increase in the apical surface area of mutant SE cells ( Figure 6G ), even though orientation along the rostro-caudal axis was maintained ( Figure 6H ). The difference in size and morphology was particularly evident along the dorsal midline ( Figure 6I) , where a significant increase in cell width ( Figure 6K ) but not length ( Figure 6J ) appeared to have specifically contributed to the observed surface area expansion. Under normal conditions, a fine-tuned balance between cell-cell and cell-ECM adhesions must exist to safeguard the integrity of epithelia (Goodwin et al., 2016) . The loss of cell-ECM adhesions may have caused an imbalance favoring cell-cell adhesion, causing enhanced biomechanical stress and cell deformation. However, these changes did not appear to result from an overall change in active contractility within the SE as shown by the comparable levels of phosphorylated non-muscle myosin in both mutant and control embryos ( Figure S5B ). Hence, Grhl3-Cre-mediated loss of integrin b1 function in the SE has demonstrable effects on SE biomechanics and cell shape. 
Integrin-Mediated Adhesion Regulates Remodeling of SE Junctions at the Zippering Point
Insights into the cellular mechanisms of zippering morphogenesis have emerged from the analysis of NT closure in the ascidian Ciona intestinalis (Hashimoto et al., 2015) . Sequential junctional contraction of epidermal cells ahead of the zippering point was observed to draw the next region of neural folds together, causing the zipper to move forward. Similar to Ciona, we found that mouse SE cells show a conserved pattern of junctional shortening as they enter the site of fusion ( Figure 6L ). Specifically, cells shorten their ''proximal'' (i.e., medial) borders, where they are attached to NE cells at the neural fold tips and adopt a characteristic wedge-shaped morphology in the dorsal view.
This leads to the appearance of a highly structured semi-rosette configuration of SE cells at the zippering point ( Figure 6L , zoom). Morphometric analysis of the WT fusion site at E9.5 (19-25 somite stage) ( Figures 7A-7D , WT) revealed that on average seven SE cells are in contact with the zippering point (cell numbers 1, 2, and 3 on each neural fold) and that these exhibit significantly shorter proximal junctions than cells that have not yet entered the zippering point (cell numbers 4-7) ( Figures 7C and 7D) . The wedge-shaped cells are arranged radially around the point of fusion, forming a semi-rosette configuration. Strikingly, the vertices of the wedge-shaped SE cells converge precisely at the focal point of integrin b1 enrichment, where cells establish basal adhesions to the underlying fibronectin-rich BM ( Figure 6L ; (legend continued on next page) Video S1). This suggests that integrin-mediated anchorage at this site may mediate the process of SE junctional remodeling and semi-rosette formation. Compared with the WT appearance, mutant embryos lacking integrin b1 do not exhibit a regular semi-rosette at the fusion site ( Figure 7A, mutant) . Cells in positions 1-3 maintain a significantly larger proximal-to-distal length ratio than WT ( Figure 7D) , consistent with the reduced number of cells that contribute to formation of the semi-rosette structure ( Figure 7B ). However, depletion of integrin b1 does not affect the shape of SE cells that are yet to enter the zippering point (cell numbers 5-7; Figure 7D ). Similar to WT, these cells display a more ''rectangular'' dorsal profile.
In addition to integrin b1-depletion, we asked whether mutant embryos might also lack fibronectin at the fusion site. However, the distribution of fibronectin fibrils at the dorsal NE-SE interface appeared closely similar to the WT appearance ( Figure S5C ). These findings support the hypothesis that the inability of cells to establish basal adhesions at the site of zippering is due to the lack of molecular machinery required to interact with a normally formed BM rather than alterations in BM assembly.
Semi-Rosette Formation Is a General Feature of Mouse Spinal Neurulation
Next, we examined embryos at earlier and later stages than E9.5, to determine the morphology of SE cells at the zippering point as it progresses along the body axis. At E9.0 (10-18 somites), cells at the fusion point displayed a clear wedge-shaped morphology, although on average only four SE cells contributed to the semirosette, fewer than at E9.5 ( Figures 7E-7G ). Mutant SE cells exhibited an overall trend toward less shortening of proximal junctions close to the fusion site but there was no significant difference in length/width ratio compared with WT ( Figure 7F ). Similar number of SE cells contributed to the mutant semirosette at this early stage ( Figure 7G) .
Later, at E10.0 (26-30 somites), when spinal NT closure is almost complete, we found that SE cells adopt a prominent semi-rosette configuration similarly to E9.5, with an average of seven wedge-shaped cells around the fusion point ( Figures  S5D-S5F ). At this stage, the enrichment of integrin b1 was evident not only at this ''main'' zippering point, which marks the rostral end of the closing PNP, but also at an additional site of zippering at the caudal end of the PNP ( Figure S5D ). This site, known as ''Closure 5,'' likely represents an additional wave of fusion that moves in a caudal-to-rostral direction, to aid completion of spinal NT closure . Strikingly, SE cells also exhibited a semi-rosette configuration around the Closure 5 site, strongly suggesting that integrin-mediated basal anchorage may underlie progression of zippering at different zippering sites along the mid-lower spinal neuraxis.
Live Imaging Reveals Dynamics of SE Cells as They Transit the Fusion Point during Zippering Progression
To gain insight into the in vivo dynamics of zippering, we performed live imaging of SE cells at the fusion site of whole cultured E9.5 embryos ( Figures 7H and S5G ; Videos S2, S3, S4, S5, and S6). As previously observed in fixed embryos, cells in contact with the fusion site at the start of imaging (red and blue cells in Figure 7H ; time point 1 (T1) and T2) display shorter proximal than distal junctions. Within 15 min of imaging, these cells further narrow their proximal junctions and become arranged into a semi-rosette configuration around a common vertex ( Figure 7H ; T3). This process of junction remodeling brings cells from the two sides of the neural folds into contact, converging at the shared site of integrin-mediated anchorage, around which the semirosette configuration is organized. At later time points ( Figure 7H ; T4 and T5), the same cells lose contact with the zippering point and become incorporated into the SE region that overlies the recently closed NT. Now, they exhibit an overall elongated shape in which both rostral and caudal ends of the cells are markedly narrowed.
Cells that were not yet in contact with the zippering point at the start of imaging (purple, yellow, and green cells in Figure 7H ; T1), exhibit a broadly ''rectangular'' dorsal morphology, with long proximal junctions that border the open PNP. Later, these proximal junctions narrow progressively ( Figure 7H ; T2, T3, and T4) as they become incorporated into the semi-rosette at the fusion site.
Overall, our findings identify a sequence of cellular events that underlies zippering progression, as SE cells bordering the open PNP become sequentially incorporated into a transitory semirosette via integrin-mediated adhesion and junctional remodeling and then exit rostrally once closure is complete at that level.
DISCUSSION
Zippering morphogenesis, by which a fusion point propagates directionally to progressively unite a pair of epithelial sheets, is one of the most striking and yet poorly understood aspects of embryonic development. The process characterises numerous organ-forming events in mammals, and defects in zippering are likely responsible for the origin of several clinically important birth defects.
During mouse spinal neurulation, zippering is associated with an actin-containing cable that connects the unfused neural folds with the fusion point Nikolopoulou et al., 2019) (D and E) Wound stab assay, as an indicator of mechanical tension in the SE: location along body axis (D, left), typical recoil responses (D, right) and quantification (E). Mut shows a significant increase in recoil compared with WT (Mann-Whitney: p = 0.03; n = 9, WT; n = 9, Mut). Stage: 16-20 som. (F-H) Morphometric analysis of the SE. Dorsal view of SE (F, left) with boxed area enlarged in diagram (F, right). Loss of integrin b1 causes a significant increase in SE cell surface area (G) while rostro-caudal orientation (H) is maintained (Mann-Whitney: median cell area, p = 0.0079; median cell orientation, p > 0.05; n = 5 WT embryos, 884 cells; n = 5 Mut embryos, n = 1,219 cells). Stages: 20-24 som. (I-K) Morphometric analysis of the SE dorsal midline, with cells analysed indicated in grey (I). Loss of integrin b1 causes increased SE cell width (K) but not length (J) (Mann-Whitney: median cell width, p = 0.0004; median cell length, p > 0.05; n = 9 WT embryos, n = 206 cells; n = 6 Mut embryos, n = 181 cells). (legend continued on next page) and protrusions that emanate from SE cells at the zippering point (Rolo et al., 2016) . These resemble similar structures implicated in fusion morphogenesis in Drosophila (Begnaud et al., 2016) but, while both structures participate in NT closure, neither can explain progressive zippering along the spinal axis. Here, we identify a mechanism based on integrin-mediated basal anchorage of SE cells to the BM, which mediates zippering propagation during mouse NT closure. The integrin b1 receptor exhibits focal enrichment at the contact site between apposing neural folds ( Figure 7I ), and coordinated adhesion toward this common site of basal anchorage drives remodeling of SE proximal junctions and the establishment of a multicellular semirosette-like SE structure ( Figure 7I ). The resulting configuration brings pairs of contralaterally positioned SE cells into close proximity ( Figure 7H ). This intermediate state of cell-ECM anchorage is crucial for the subsequent maturation and extension of novel cell-cell junctions between opposing cells, promoting NT closure and enabling the progression of zippering ( Figure 7H ). The cellular mechanism we identify resembles that described in Ciona intestinalis, where sequential contraction and exchange of apical junctions bring the neural folds together, to drive the zipper forward (Hashimoto et al., 2015) . However, in contrast to Ciona, where progressive activation of myosin II from posterior to anterior along the neural-epidermal boundary promotes rapid shortening of boundary cell junctions, contractility of the actomyosin cytoskeleton appears dispensable for mouse zippering, as both genetic and pharmacological disruption of key cytoskeletal components do not halt spinal NT closure (Escuin et al., 2015; Nikolopoulou et al., 2017) .
One of the most striking findings of our study is the focal expression of integrins a5 and b1 precisely at the zippering point. Focal enrichment and activation of integrin receptors at the site of zippering has also been observed in other models of epithelial fusion. For example, during dorsal closure in Drosophila, high levels of the receptor bPS-integrin, the ortholog of integrin b1 in vertebrates, were detected at the advancing edge surface of the most dorsal epithelial cells (Bahri et al., 2010) . Similarly, during eyelid closure in mice, integrin a5 and fibronectin were shown to be upregulated locally in the eyelid front cells as they move over the cornea (Heller et al., 2014) . Most importantly, the loss of integrin-mediated adhesion in both systems leads to failure of epithelial closure (Gorfinkiel et al., 2009; Hutson et al., 2003) . Further evidence comes from our study where, alongside failure of spinal NT closure, we observed incomplete eyelid closure in embryos deficient for integrin b1 (Figure S3F ). This underlines the significance of integrin-mediated adhesion as a potential evolutionarily conserved mechanism in different models of epithelial zippering during embryo morphogenesis.
Overall, our findings indicate a vital role for integrin b1 in the progression of mouse spinal neurulation, with development of open spina bifida after its ablation in SE cells. This may have implications for the genetic causation of NTDs in humans, where there is known to be a strong genetic risk component (Greene and Copp, 2014; Wilde et al., 2014) and yet relatively few genes have been positively implicated in NTD aetiology (Harris and Juriloff, 2010) . A recent whole-exome sequencing study of families affected by NTDs identified variants in the integrin b1-encoding gene, ITGB1, specifically among affected individuals, suggesting ITGB1 as a key predisposing gene in human NTDs (Lemay et al., 2019) . The strong similarity between the open lesion in our mouse model and the condition of lumbo-sacral spina bifida as observed in humans, emphasises the possibility that integrinmediated anchorage may represent a conserved mechanism for NT zippering in humans as well as mice. Hence, integrin deficiency or impaired function could represent a potentially significant risk factor in the aetiology of open spina bifida.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
The following mouse lines were used: inbred BALB/c line for immunofluorescence and in situ hybridisation analyses; integrin-b1 floxed line (Potocnik et al., 2000) was a generous gift by Reinhard F€ assler and was backcrossed to the C57BL/6 background (gene symbol: Itgb1tm1Ref , MGI: 1926498); Pax3-Cre line (Engleka et al., 2005 ) (gene symbol: Pax3 tm1(Cre)Joe , MGI: 3573783); Grhl3-Cre line (Camerer et al., 2010 ) (gene symbol: Grhl3 tm1(Cre)Cgh , MGI: 4430902); reporter line mTmG (gene symbol: Gt(ROSA)26Sor tm4(ACTB-tdTomato,-EGFP)Luo , MGI: 3716464). Except for BALB/c, all the above lines were maintained on the C57BL/6 background. Genetic crosses were performed as shown in Figure S3 (Ghrl3-Cre line) and Figure S4 
METHOD DETAILS
Embryo Recovery
Pregnant females were killed by cervical dislocation and the uterine horns were explanted at gestation stages between E8.5 and E15.5. Embryos were dissected in warmed Dulbecco's Modified Eagle's Medium (DMEM) containing 25 mM HEPES and supplemented with 10% heat inactivated Foetal Bovine Serum (FBS). Embryos were then rinsed in ice-cold phosphate buffered saline (PBS) and immersed in fixative solutions.
Embryo Fixation
Three methods were used: 1) Methanol fixation: embryos were immersed in -20 C cold DMSO:MeOH (1:5), incubated for 1h at 4 C. Samples were then stored in 100 % MeOH at -20 C. strength TdT enzyme (80 ml TdT enzyme, 160 ml reaction buffer, 0.7 ml Triton). The reaction was stopped by incubation in stop/wash buffer (3 h) . Embryos were incubated in blocking solution (5% heat-inactivated sheep serum, 2 mg/ml bovine serum albumin (BSA), in PBT) for 60 min followed by the addition of anti-digoxigenin AP-conjugated Fab fragments antibody (Roche) and incubated overnight, at 4 C. The following day, embryos were initially washed in BSA, equilibrated in NTMT (3x5 min) and incubated protected from light in developing solution (NTMT+NBT/BCIP, as previously described for in situ hybridisation) until colour develops, for few min. Reaction was stopped by PBT, followed by fixation in 4% PFA. Images were acquired using a LEICA DFC490 camera on a light microscope (ZEISS Stemi SV11).
Immunofluorescence
Whole mount immunofluorescence: after dissection, embryos were rinsed in PBS and fixed with the appropriate fixative solution. Permeabilisation of the tissues was achieved using a minimum of 0.025% Tween (for the integrin receptors) to a maximum of 0.1% Triton X-100 in PBS (PBT solution) for all the other antibodies, for 1h at room temperature with gentle agitation. Embryos were then blocked overnight in 5% BSA/PBT solution (filtered by a 0.45 mm filter prior to use) at 4 C. Blocking solution was then replaced by the primary antibody diluted at the appropriate concentration in fresh blocking solution. A volume of 150 ml solution was used for each individual embryo. Embryos were then washed 3x 1h in blocking solution, to remove excess of the primary antibodies, and incubated for 2h at room temperature in Alexa Fluor-conjugated secondary antibodies diluted 1:500 in blocking solution. Excess secondary antibody was removed by washing for 1h in blocking solution and further 2x 1h in PBT at room temperature. Finally, embryos were incubated for 1h at room temperature in DAPI diluted 0.5 mg/ml in PBT. After 2x washes in PBT, embryos were stored at 4 C in PBS with 0.1% sodium azide to prevent fungal or bacterial growth. Stained embryos were positioned and immobilised in a 2% agarose dish in PBS and imaged on a Zeiss LSM880 confocal microscope using either a 10x/NA0.5 W-Plan Apochromat dipping objective (WD 3.7 mm) or a 20x/NA1.0 Plan Apochromat dipping objective (WD 2.4 mm). Full embryos were imaged using Axiozoom technology v16 (Zeiss). Frozen section immunofluorescence: embryos were immersed in 20% sucrose in PBS for 2h at 4 C for cryoprotection of the tissues, then incubated in 7.5% gelatine (in 20% sucrose in PBS) at 37 C for 15 min to allow penetration of the medium, and embedded in a block of gelatine after solidification. Blocks were snap frozen with -70 C isopentane and stored at -80 C until processing. Blocks were sectioned by cryostat (Leica) at 10 mm thickness and slices mounted on Superfrost Plus slides (Thermo Fisher). Removal of gelatine and rehydration of the tissues were achieved by immersing the slides in PBS for 20 min at 37 C. Slides were then covered by a volume of 200 ml per slide of 10% sheep serum, 2 % BSA (filtered) and 0.025% Tween (up to 0.1% Triton) in PBS by applying parafilm for even spreading of the solution and incubation for 1 h at room temperature inside a humidified chamber. Primary antibody was then applied after dilution in the same solution and slides incubated overnight at 4 C. The following day, excess antibody was removed by 3x washes in PBT, 5 min each. Slides were then incubated 1 h at room temperature protected by light in secondary antibody diluted 1:500. After washing, slides were incubated in DAPI diluted 0.5 mg/ml in PBT for 10 min for nuclear visualisation and finally mounted in Mowiol and sealed using a 24 x 60 mm # 1.5 coverslip.
Antibodies: Two different antibodies were used to detect the integrin b1 receptor: a rat monoclonal anti-Integrin b1 (MAB1997) that recognises the full b1 subunit and a rat monoclonal anti-Integrin b1 (BD Biosciences, 553715) that has been reported to recognise the active/ligand-bound form of the b1 subunit (Arjonen et al., 2012; Lenter et al., 1993) . We did not find any difference in the pattern of staining; thus the two antibodies were used interchangeably throughout the study. A full list of antibodies used in this study can be found in the Key Resources Table. Scanning Electron Microscopy Embryos were fixed at 4 C in 2% glutaraldehyde, 2% PFA in 0.1 M phosphate buffer (pH7.4), and post-fixed in 1% OsO 4 /1.5% K 4 Fe(CN) 6 in 0.1 M phosphate buffer for 1.5 h. After washes in distilled water, embryos were dehydrated to 100% ethanol, followed by an acetone wash. Embryos were critical-point dried using CO 2 and mounted on aluminium stubs. After mounting, samples were coated with a layer of Au/Pd (2 nm thick) using a Gatan ion beam coater and imaged with a JEOL 7401 FEGSEM. Analysis and scoring of protrusions was carried out blind to genotype by analysis of the site of PNP fusion point at 2000x magnification, as previously reported (Rolo et al. 2016) . Protrusions were categorised as: (i) ruffles (when predominantly or solely composed of membrane ruffles) or (ii) ruffles and filopodia (when a mixture of both types of protrusions was present with filopodia emanating from ruffles, or ruffles with microspikes). Presence of filopodia only, or absence of protrusions, were not observed.
RNA-seq Analysis
RNA extraction: RNA was obtained from the caudal regions of three wild type mouse embryo replicates (20 somite stage) prepared by severing the body axis at the 13-14 th somite boundary. Sex of the embryos was confirmed by genotyping of SRY gene to ensure the presence of both sexes in the analysis: forward primer (CCGCTGCCAAATTCTTTGG), reverse primer (TGAAGCTTTTGGCTTTGAG). After washing in DEPC-PBS, the samples were snap frozen in dry ice and stored at -20 C until processed. RNA was extracted using the RNeasy Mini Kit (Qiagen Cat no 74104) and eluted in RNase-free water (Sigma). DNA contamination was removed using a DNA Removal Kit (Ambion AM1906). Quality control of RNA integrity was set at a final RIN value of 9.9-10.0 purity (out of a maximum of 10.0).
Library preparation: samples were processed using Illumina's TruSeq Stranded mRNA LT sample preparation kit (p/n RS-122-2101) according to manufacturer's instructions. Deviations from the protocol were as follows: 250 ng total RNA was used as starting surface subtraction (Galea et al., 2018) and segmentation were performed to visualise the SE cells. Live imaging was reproducible in multiple wild type embryos (Figures 7H and S5G; Videos S2, S3, S4, S5, and S6) . We did not attempt to image mutant embryos owing to the complete lack of zippering progression at E9.5 (19-25 somites), when live-imaging proved feasible in embryo culture.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical data analysis was performed using GraphPad Prism 7 software. Linear regression analysis was used for quantification of PNP length and width variations over somite number increase (Figures 3 and 4) , and for the quantification of neural fold recoil upon laser ablation along the rostro-caudal axis of the open PNP ( Figure 6 ). Goodness of fit for the regression model was estimated by r 2 , as reported in each dataset and the p value was calculated by comparison of the slopes and intercepts of the regression models. Data presentation for linear regression was: mean ± SEM and regression model (continuous line). Comparison of the distribution of the genotypes against the expected Mendelian ratios was calculated by Chi-square test (Figures S3 and S4 ). Frequency of spinal NTDs (Figures 3 and 4) , cranial NTDs ( Figure S4 ) and protrusion types ( Figure 5 ) was tested by Fisher's Exact test of wild type versus mutant embryos or non-parametric Mann-Whitney test (two-tailed) (Figures 5, 6, and 7) . Comparison between multiple groups for different factors was performed by two-way ANOVA with post-hoc Bonferroni correction for multiple comparisons (Figure 7) . Normality was tested by D'Agostino-Pearson omnibus test. All the measurements and analyses were performed blind to genotyping. Statistical significance: p % 0.05 was considered statistically significant (*), p % 0.01 (**), p % 0.001 (***), p % 0.0001 (****). Sample size (n) is defined as number of embryos used in each statistical analysis, unless stated otherwise ( Figures 6H-6L : median of total cells is calculated per each embryo (n)). Definition of centre and dispersion: mean ± SEM (standard error of the mean) are used in all bar plots, dot plots and linear regression models. Box and whisker plots: box represent the 25 th and 75 th percentiles interval, line in the middle of the box the median, the cross represents the mean, whiskers showing the minimum and maximum values. Qualitative analyses of immunofluorescence and in situ hybridisation panels consider validation of the pattern of expression observed in a minimum of n=5 embryo replicates. Statistical details such p value, n number and statistical test of every experiment can be found in the corresponding figure legend.
Software. Post-acquisition processing of raw files was carried out by using Fiji software (Schindelin et al., 2012) for brightness adjustments, cropping, outlier removal, quantifications, drift correction. Quantification of fluorescence staining in sections was performed on confocal Z slices using Fiji: mean grey values were quantified along the basal perimeter between the dorsal neural tube and overlying surface ectoderm. 3D volume rendering and re-slicing (laser ablation quantification) was performed on Imaris software. 3D reconstruction in Figure 7 was carried out manually: cells were segmented using the Fiji software, hyperstacks were assembled to 3D images through the 3DSlicer software. No quantification in 3D segmented cells was performed. Our previously-reported Surface Subtraction macro (Galea et al., 2018 , available at goo.gl/zcpZkH) was used to digitally dissect the surface ectoderm E-cadherin staining from underlying background signal. The ImageJ Tissue Analyser semi-automated cell border segmentation plugin (PMID 27730585) was then used to quantify cell dimensions and orientation. Morphometric analysis was carried out in 2D on max projected and surface subtracted images and does not take into account 3D segmentation. Adobe Illustrator was used for panel assembly and schematics.
DATA AND CODE AVAILABILITY
The published article includes all RNA-seq datasets generated and analyzed during this study. Original data for Figure 1 (matrisome RNA-seq datasets) and Figure 2 (integrin subunits RNA-seq datasets) in the paper is available in Tables S1 and S2. 
